Nuclear movement is critical for developmental events, cell polarity, and migration and is usually mediated by linker of nucleoskeleton and cytoskeleton (LINC) complexes connecting the nucleus to cytoskeletal elements. Compared to active nuclear movement, relatively little is known about homeostatic positioning of nuclei, including whether it is an active process. To explore homeostatic nuclear positioning, we developed a method to displace nuclei in adherent cells using centrifugal force. Nuclei displaced by centrifugation rapidly recentered by mechanisms that depended on cell context. In cell monolayers with wounds oriented orthogonal to the force, nuclei were displaced toward the front and back of the cells on the two sides of the wound. Nuclei recentered from both positions, but at different rates and with different cytoskeletal linkage mechanisms. Rearward recentering was actomyosin, nesprin-2G, and SUN2 dependent, whereas forward recentering was microtubule, dynein, nesprin-2G, and SUN1 dependent. Nesprin-2G engaged actin through its N terminus and microtubules through a novel dynein interacting site near its C terminus. Both activities were necessary to maintain nuclear position in uncentrifuged cells. Thus, even when not moving, nuclei are actively maintained in position by engaging the cytoskeleton through the LINC complex.
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In Brief
It is unknown whether nuclear positioning is actively determined when the nucleus is not moving. Zhu et al. applied centrifugal force to displace the nucleus in adherent cells to reveal homeostatic nuclear positioning mechanisms involving both actin and microtubules and distinct LINC complexes in the nuclear envelope.
INTRODUCTION
The nucleus is positioned specifically in single-cell organisms such as yeast to complex multi-cellular plants and animals [1, 2] . This positioning influences diverse processes including cell division, polarity, migration, and differentiation. Disruption of normal nuclear positioning is associated with diseases such as muscular dystrophy, cardiomyopathy, and lissencephaly [2, 3] .
Mechanisms of nuclear positioning have been characterized for actively moving nuclei. From these studies, the linker of nucleoskeleton and cytoskeleton (LINC) complex [4] , which spans the inner and outer nuclear membrane, has emerged as a widely employed connection between moving nuclei and the cytoskeleton [3, 5] . The LINC complex is composed of outer nuclear membrane KASH (Klarsicht, ANC-1, and Syne/Nesprin Homology) proteins (nesprins in vertebrates) and inner nuclear membrane SUN (Sad-1 and UNC-84) proteins [4] [5] [6] . These proteins interact in the luminal space via the short KASH peptide and the SUN domain. The LINC complex is anchored by interaction of SUN proteins with lamin A/C, but other proteins may be involved [4, 5, 7] .
Depending on the specific KASH protein, LINC complexes can engage actin filaments or microtubules (MTs) for nuclear positioning. For example, in C. elegans, ANC-1 interacts with actin filaments through paired calponin homology (CH) domains [8] , whereas UNC-83 engages MTs through kinesin-1 and cytoplasmic dynein motor proteins [9] . In mammalian cells, nesprin-1G and nesprin-2G (''G'' refers to the giant isoform) have paired CH domains that interact with actin filaments [10] [11] [12] but also engage MTs through MT motors [13] [14] [15] [16] . Nesprin-2G's interaction with actin filaments is reinforced by its interaction with two other actin-binding proteins, FHOD1 and fascin [17, 18] . Nesprin-3 engages intermediate filaments, and has been implicated in the nuclear piston mechanism for 3D cell migration [19, 20] . Nesprin-4 interacts with MTs through kinesin-1 [21] .
In most cases of nuclear movement, a single KASH proteincytoskeletal pair mediates the movement. For example, in the well-characterized hyp7 hypodermal precursor cell system in C. elegans, the SUN protein UNC-84 interacts with the KASH protein UNC-83, which in turn interacts with MT motors to move nuclei from one side of the cell to the other [9, 22, 23] . Consistent with the predominant movement of the nucleus toward MT plus ends, kinesin-1 plays a major role, yet both kinesin-1 and dynein are required. In mammalian fibroblasts and myoblasts, a SUN2-nesprin-2G LINC complex associates with actin cables to move nuclei rearward and polarize the cell for migration after lysophosphatidic acid (LPA) stimulation [11, 24] . During mouse brain development, nesprin-2 contributes to nuclear movement necessary for neuronal migration, probably by interacting with MTs through kinesin and/or dynein motors [13] . Similarly, nesprin-2 contributes to nuclear spacing in multi-nucleated myotubes by interacting with MTs via kinesin-1 [16] . Nesprin-4 interacts with kinesin-1 to move the nucleus away from the centrosome in epithelial cells, and disruption of nesprin-4 leads to nuclear positioning defects in hair cells and deafness [21, 25] . (A) Schematic of the centrifugation method to displace nuclei. Coverslips containing adherent cells are placed in a custom adaptor; shown is a wounded monolayer oriented so that centrifugal force would be orthogonal to the wound. The rotor diagram was adapted from Beckman booklet PN L5-TB-069PE. (B) Images of uncentrifuged (uncfg) and centrifuged wounded monolayers stained to reveal nuclei (DAPI), cell junctions (b-catenin), and centrosomes (pericentrin). Different fields are depicted in each panel. Wound edge (''w'') is at the bottom. Yellow arrows indicate the direction of centrifugal force. Scale bar, 10 mm. (C) Quantification of nuclear and centrosomal position relative to the cell centroid in serum-starved cells at the wound edge and within the monolayer after centrifugation (cfg) at 5,000 3 g for 30 min or in proliferating sparse cells after centrifugation at 5,000 3 g for 45 min. For wound-edge cells, positive values are toward the leading edge and negative values are toward the cell rear. Nuclear and centrosomal positions were measured along an axis parallel to the centrifugal force. ''Against'' and ''with'' refer to the direction of force relative to the direction of cell migration. Error bars, SD from 3 experiments for monolayer and woundedge cells and 4 experiments for sparse cells (n R 30 cells for each measurement).
(legend continued on next page)
We know far less about the factors that control the position of the nucleus when it is not moving. A seminal study showed that the KASH protein ANC-1 and its interaction with actin filaments maintained nuclear spacing in syncytial hypodermal cells of C. elegans to resist dispersion by the contraction of the underlying muscle [8] . Anc-1 mutants also showed an intermediate nuclear positioning defect in bi-nucleated intestinal cells [26] . In mature mouse skeletal muscle, nesprin-1a2, which lacks actinbinding domains, functions in maintaining nuclear spacing, most likely through interacting with kinesin-1 [27] . It is unclear whether similar sorts of mechanisms are widespread in cells and tissues that experience lower mechanical forces and/or do not have syncytial nuclei. Indeed, in most cases, it is not even clear whether static nuclei are actively positioned, for example, by a balance-of-forces mechanism analogous to that which positions the centrosome [28] . Nonetheless, nuclei occupy specific positions characteristic of cell and tissue type, suggesting active positioning mechanisms [2] . For example, nuclei in epithelia are positioned basally, centrally, or apically depending on epithelial type. Nuclei in most cultured cells localize near the cell centroid, but move rearward upon initiation of migration [11, 12, 29, 30] .
To understand nuclear positioning, it would be useful to have a means to physically displace nuclei in addition to molecular approaches that disrupt nuclear membrane proteins. Nuclei can be moved with microneedle techniques [31, 32] , but these produce only local movements and are limited to single-cell analysis. Centrifugation has been used to displace nuclei in yeast and has helped elucidate mechanisms by which the nucleus determines the cell-division plane [33] . Here we develop a technique to displace nuclei in cultured adherent cells using centrifugal force. With this system, we identify novel nuclear linkage mechanisms to the actin and MT cytoskeletons that contribute to homeostatic nuclear positioning.
RESULTS

Centrifugal Force Displaces Nuclei in Adherent Cells
We modified protocols to enucleate cells using centrifugation [34] to instead displace nuclei within adherent cells. By omitting cytoskeletal drugs needed for enucleation and reducing actin filament density by serum starvation, we found that centrifugation at a modest force (5,000 3 g for 30 min) displaced nuclei within cells. In NIH 3T3 fibroblasts, centrifugation displaced nuclei to similar extents in cells at the edge of a wounded monolayer and cells within monolayers ( Figures 1B and 1C) . Interestingly, in monolayers with wounds oriented orthogonal to the centrifugal force (as depicted in Figure 1A ), nuclei were displaced equivalently toward the cell front on one side of the wound and toward the cell rear on the other (Figures 1B and  1C ). Nuclei were also displaced in sparse cells grown in serum, although longer centrifugation was required ( Figure 1C; Figure S1A) . Thus, in both unpolarized cells (within the monolayer and sparsely plated) and polarized cells (at the wound edge), centrifugation was effective in displacing nuclei.
To more broadly explore the relationship between force and nuclear displacement, we varied centrifugal force from 1,000 to 20,000 3 g and examined nuclear displacement in woundedge, serum-starved NIH 3T3 fibroblasts. Nuclear displacement increased with centrifugal force and occurred to the same extent on both sides of the monolayer ( Figure 1D ). Centrosomes were also displaced in the direction of centrifugal force, but less so ( Figure 1D ). Both nuclear and centrosomal displacement were linearly correlated with centrifugal force ( Figure S1B ). Interestingly, centrifugation at 5,000 3 g for 30 min generated nuclear displacement similar to that following stimulation with the serum factor LPA ( Figure 1D ) [30] .
Given the similarity to a physiological displacement of the nucleus, we further characterized the effect of 5,000 3 g on NIH 3T3 fibroblasts. Cell shape indicated by circularity and aspect ratio, together with cellular area, was unaltered by 5,000 3 g (Figure S1C ). Cell-cell contacts, MTs, and actin distribution also did not appear to be grossly affected by centrifugation ( Figure 1B ; Figure S1D ). There was some increase in actin filament staining after centrifugation ( Figure S1D ), consistent with the response of fibroblasts to mechanical force [35, 36] , although there was no difference between the two sides of the wound. Whereas the nucleus was displaced by $25% of the cell radius by 5,000 3 g, the centrosome was moved less than 10%, and the endoplasmic reticulum, mitochondria, and Golgi, as measured by their summed centroid position, were displaced by less than 5% (Figures S1E and S1F). The relatively larger displacement of the nucleus is consistent with organelles responding to centrifugal force according to their relative size and density. The displacement of many of the smaller organelles may be additionally restricted by their tethering to MTs.
Displaced Nuclei Actively Recenter
If nuclei are actively positioned near the centroid of the cell, then their displacement by centrifugation should reflect a meta-stable position. Indeed, when centrifuged monolayers were incubated at 37 C and examined after different intervals, nuclei repositioned toward the cell centroid from both sides of the wound over about 1 hr (Figures 2A and 2B ). This recentration of nuclei after centrifugation was reversibly blocked if cells were allowed to recover at 4 C and then shifted to 37 C (Figures 2A and 2B ). Similar recentration of centrifugally displaced nuclei was observed in cells within the monolayer and in sparse cells (Figure 2C) . Centrosomes also recentered, although the total distance moved was much less.
To test whether other adherent cells actively positioned their nuclei, we centrifuged mouse C2C12 myoblasts and human HeLa adenocarcinoma and HT1080 fibrosarcoma cells. Increased centrifugal time (compared to NIH 3T3 fibroblasts) was needed to displace nuclei in some of these cell types, yet, in each case, nuclei recentered within an hour after centrifugation ( Figures S2A-S2D) .
The above results indicate that cells faithfully restore their nuclear position after centrifugation. To test this further, we used centrifugation to displace nuclei in serum-starved NIH 3T3 fibroblasts and then stimulated them with 10 mM LPA, which causes nuclei at both sides of the wound to move rearward [11, 30] . Nuclei in centrifuged cells stimulated with LPA repositioned rearward of the cell center on both sides of the wound, similar to the position of nuclei in uncentrifuged cells stimulated with LPA (Figure S2E ). These results show that centrifugation does not alter the underlying mechanisms that position nuclei either centrally or eccentrically.
Distinct Cytoskeletal Mechanisms Mediate Forward and Rearward Nuclear Recentration
We noted that 30 min after centrifugation, nuclei displaced forward were already recentered, whereas those displaced rearward were not ( Figure 2A ). Measurements of nuclear position at fixed time points following centrifugation confirmed this impression and showed that nuclei moving rearward from the front of the cell completed recentration sooner than those moving forward from the rear ( Figure 2D ). Time-lapse phase-contrast movies showed directly that nuclei moved faster during rearward than forward recentration ( Figures 2E and 2F ). These movies also revealed that the leading edge did not protrude or retract during nuclear recentration and, once nuclei recentered, they ceased movement and remained in place for at least 30 min ( Figure 2E ; Movies S1 and S2).
Displaced nuclei in cells at the edge of wounded monolayers provided a unique opportunity to explore the mechanisms for nuclear recentration. Displaced nuclei in these cells recentered in different directions (relative to the front-back axis of the cells) and moved at different rates, suggesting the possibility that distinct mechanisms were involved. Accordingly, we treated wounded monolayers after centrifugation with cytoskeletal drugs and measured the extent of recentration. Drugs that disrupted actin filaments or inhibited myosin II ATPase inhibited rearward nuclear recentration, but not forward recentration (Figures 3A and 3B) . Conversely, drugs that disrupted MTs or inhibited dynein ATPase [37] inhibited forward, but not rearward, nuclear recentration. Knockdown of dynein heavy chain (DHC) or the dynactin subunit p150
Glued also specifically prevented forward recentering ( Figure 3C ; Figures S3A and S3B). Thus, different cytoskeletal systems mediate nuclear recentration in the two directions in wound-edge cells. In contrast, nuclear recentration in serum-starved cells within the monolayer was inhibited by MT, but not actin, drugs ( Figure 3D ; Figure S3C ). Interestingly, nuclear recentration in non-serum-starved cells within the monolayer was sensitive to both MT and actin drugs ( Figure 3E ). Together, these results show that mechanisms for nuclear recentering are context dependent.
To visualize actin filaments and MTs during recentration, we prepared stable NIH 3T3 cell lines expressing GFP-Lifeact or GFP-tubulin. In wound-edge cells with rearward recentering nuclei, retrograde flow of actin cables was detected in 60% (N = 29) of the cells and occurred at the same rate as that of rearward nuclear recentration ( Figures 3F and 3G) . Movies of forward recentering nuclei in GFP-tubulin-expressing cells revealed that in 61% of the cases (N = 18), the nucleus recentered by moving toward and then passing the centrosome ( Figure 3H ; Movie S3). In most of the other cases, the nucleus appeared to pivot around the centrosome as it moved forward ( Figure S3D ). Thus, for most cells, forward recentration occurred toward the minus ends of MTs, consistent with the involvement of dynein.
Forward and Rearward Nuclear Recentration Require Distinct LINC Complex Components
Many nuclear movements depend on the LINC complex [2] . We first tested whether either rearward or forward nuclear recentration in wound-edge cells was LINC complex dependent by overexpressing a dominant-negative GFP-KASH construct, which disrupts all LINC complexes [4, 8, 11] . GFP-KASH expression drove endogenous nesprin-2G out of the nuclear envelope (Figure S4A ) and strongly inhibited both forward and rearward nuclear recentration ( Figure 4A ). GFP-KASH expression also increased the displacement of nuclei subjected to lower centrifugal forces ( Figure S4B ). These results show that LINC complexes participate both in the active recentering of the nucleus and its static positioning at the cell center.
We next tested the role of nesprin-2G during recentering because of its known role in attaching retrogradely moving actin cables to the nucleus during LPA-stimulated rearward nuclear movement in fibroblasts and myoblasts [11, 12, 17] . Interestingly, knocking down nesprin-2G inhibited both rearward and forward recentration ( Figure 4B ; Figure S4B ). These defects were rescued by reexpressing appropriate nesprin-2G constructs (see Figure 5A ). . ''Forward'' indicates nuclear recentration from cell rear to center, whereas ''rearward'' indicates nuclear recentration from cell front to center. (E) Kymographs from phase-contrast movies of nuclear recentration in cells from two sides of the wound (w) after centrifugal displacement. Note the lack of leading-edge movement during nuclear recentration. Scale bars, 6 min (x) and 10 mm (y).
(F) Quantification of the velocity of nuclear recentration determined from movies. Error bars, SEM from 10 and 12 movies for forward and rearward recentration, respectively; ***p < 0.001 by two-tailed t test. See also Figure S2 and Movies S1 and S2.
We next knocked down the only SUN proteins expressed in NIH 3T3 fibroblasts: SUN1 and SUN2 [11, 38, 39] . SUN1 knockdown inhibited forward nuclear recentration without affecting rearward recentration ( Figure 4C ; Figure S4C ). Conversely, SUN2 knockdown inhibited rearward nuclear recentration without affecting forward recentration. Knockdown of both SUNs inhibited both forward and rearward recentration. The nuclear recentration defects in the knockdown cells were rescued by reexpressing the appropriate RNAi-resistant human SUNs, but not the inappropriate SUN (i.e., SUN2 did not rescue SUN1 knockdown, and vice versa) (Figures 4D and 4E) .
Interestingly, whereas reexpression of the knocked-down SUN protein rescued the original nuclear recentration defect, it inhibited recentration in the opposite direction ( Figures 4D and  4E) , suggesting that the SUNs exerted trans-dominant-negative effects on each other. Such an effect was confirmed by overexpressing myc-tagged SUNs in wild-type cells. SUN1 overexpression specifically inhibited rearward recentration, whereas SUN2 overexpression specifically inhibited forward recentration ( Figure 4F ). As knockdown of one SUN protein did not affect the level of the other, and both MT-dependent forward and actindependent rearward nuclear recentration required nesprin-2G, these results suggest that SUN proteins compete for a limited amount of nesprin-2G.
To determine whether the trans-dominant effect of SUN protein overexpression depended on engagement of nesprin-2G with the cytoskeleton, we inhibited MTs or actin in SUN-overexpressing cells after centrifugation. Interestingly, disrupting MTs restored actin-dependent rearward movement in SUN1-overexpressing cells ( Figure 4G ), whereas disrupting actin filaments restored MT-dependent forward movement in SUN2-overexpressing cells ( Figure 4H ). These results imply that proper engagement of nesprin-2G by the cytoskeleton stabilizes the nesprin-2G-SUN interaction and are consistent with the idea that different nesprin-2G-SUN complexes preferentially interact with MTs or actin (see Discussion).
Mechanism of MT-Dependent, Forward Nuclear Recentering Because actomyosin, nesprin-2G, and SUN2 are required for LPA-stimulated rearward nuclear movement, we tested another factor involved in this movement, the formin FHOD1 [17, 40] .
Knockdown of FHOD1 by short hairpin RNAs (shRNAs) inhibited rearward, but not forward, nuclear recentration ( Figures S4D  and S4E ). Additionally, adhesive TAN (transmembrane actindependent nuclear) lines, which mediate LPA-stimulated nuclear movement [11, 12, 24] , also formed during rearward nuclear recentration ( Figure S4F ). These results strongly suggest that rearward nuclear recentration occurs by a similar mechanism as LPA-stimulated rearward nuclear movement in NIH 3T3 fibroblasts and C2C12 myoblasts [11, 12] .
It was less clear how MT-dependent forward recentering occurred. A kinesin-1-nesprin-2 interaction contributes to nuclear spacing in syncytial myotubes [16] , but forward nuclear recentering primarily occurred toward MT minus ends and depended on dynein (Figure 3 ). Dynein and nesprin-2 contribute to centrosomal-directed nuclear movement in migrating neurons, and dynein has been reported to associate with nesprin-2 [13, 41] . To explore how nesprin-2 contributed to MT-and dynein-dependent forward nuclear recentration, we first sought to identify the region of nesprin-2 responsible. As expected, reexpression of nesprin-2 constructs harboring the N-terminal actin-binding CH domains rescued rearward, but not forward, nuclear recentration in nesprin-2G-depleted cells ( Figure 5A ; Figure S5A ). Nesprin-2 constructs containing the C-terminal spectrin repeats (SRs) 52-56 of nesprin-2G rescued forward, but not rearward, nuclear recentration. Constructs containing both the CH domains and SR52-56 rescued recentration in both directions ( Figure 5A ; Figure S5A ). Thus, forward and rearward nuclear recentering activities of nesprin-2G can be separated, but individual constructs of nesprin-2G combining its independent activities rescued nuclear recentration in both directions.
The nesprin-2 SR52-56 KASH construct that rescued forward nuclear recentration contains a kinesin-1-binding LEWD motif [16] . Reexpression of nesprin-2 SR52-56 KASH LEAA, in which the LEWD domain is mutated to make it deficient in kinesin-1 binding [17] (Figure S5B ), restored most of the forward recentering in nesprin-2G-depleted cells ( Figure 5A ; Figure S5A ). Additionally, knockdown of the most abundant kinesin heavy and light chains expressed in NIH 3T3 fibroblasts (Kif5b and KLC1) with multiple small interfering RNAs (siRNAs) did not consistently inhibit forward recentration despite substantially reducing Kif5b and KLC1 levels ( Figures S5C and S5D) . These results suggest (legend continued on next page) that kinesin-1 does not play a major role in forward nuclear recentration.
We next probed immunoprecipitates of GFP-nesprin-2 SR52-56 KASH to test whether it interacted with dynein or dynactin. Both DHC and the p150
Glued subunit of dynactin co-immunoprecipitated with nesprin-2 SR52-56 KASH ( Figure 5B ). Additionally, glutathione S-transferase (GST)-tagged fragments spanning nesprin-2 SR52-56 showed that SR52-AD (adaptive domain) and SR52-54, but not SR52 or SR52-53, pulled down DHC and p150
Glued from cell lysates ( Figure 5C ). Lastly, both the WT and the LEAA mutant forms of nesprin-2 SR52-56 KASH interacted with dynactin, even though the mutant form failed to interact with kinesin-1 ( Figure S5B ). These data are consistent with dynein and dynactin mediating MT-dependent forward nuclear recentration by interacting with a region near the C terminus of nesprin-2 that includes SR52-53 and the ''adaptive domain'' [42] .
To test the role of dynein and dynactin further, we compared their localization in NIH 3T3 fibroblasts overexpressing the nesprin-2 rescue constructs. Dynein intermediate chain (DIC) and p150
Glued localization on the nuclear envelope were enhanced in cells overexpressing SR52-56 KASH and SR52-56 KASH LEAA compared to SR54-56 KASH, which does not contain the dynein interacting site (Figures 5D and 5E ). These results strengthen the conclusion that the C terminus of nesprin-2 recruits dynein and dynactin to the nuclear envelope for forward nuclear recentration.
The Actin and MT Activities of Nesprin-2 Are Required for Homeostatic Nuclear Positioning To determine whether the nuclear recentering mechanisms we identified in centrifuged cells were important to position nuclei in uncentrifuged cells, we examined the effect of knocking down nesprin-2 expression on nuclear position in otherwise unperturbed NIH 3T3 fibroblasts. Whereas nuclei were localized near the cell centroid in control knockdown cells, they were much more scattered in nesprin-2-depleted cells ( Figures 6A  and 6B ). Treating this scattering as a diffusive process revealed a significant difference in the mean squared displacement of the nucleus in nesprin-2-depleted cells ( Figure 6B ). We reexpressed nesprin-2 constructs in the depleted cells to determine whether the actin-or MT motor-binding activities of nesprin-2 were critical for maintaining nuclei near the cell centroid. Reexpression of nesprin-2 constructs that bind actin (miniN2G) or MT motors (SR51-56 KASH) alone failed to rescue the centroid position of nuclei; in fact, their expression seemed to cause further scattering ( Figures 6A and 6B) . In contrast, a nesprin construct that binds both actin and MT motors (CH-SR51-56 KASH) fully rescued the centroid positioning of the nucleus.
DISCUSSION
Our studies reveal active mechanisms of homeostatic nuclear positioning in adherent cells. We prefer the term ''homeostatic nuclear positioning'' to describe our results rather than the previously used ''nuclear anchorage'' [8, 43] , because it encompasses the concept that nuclei actively return to a preset position. It has been hypothesized that nuclei localize to the cell center due to their linkage to the centrosome, whose central position is known to be maintained by MTs [28] . Yet, in acentrosomal mouse oocytes, actin centers the nucleus by an active diffusion process [44] , and actin is important for anchoring nuclei in worm hypodermal cells [8] . Here we find that both actin-and MT-dependent LINC complexes contribute to homeostatic positioning of the nucleus. Interestingly, the requirement for these cytoskeletal elements for positioning the nucleus depended on cellular context and polarization. Thus, polarized cells at the wound edge recentered displaced nuclei by actin or MTs depending on the initial nuclear location ( Figure 6C ), whereas nuclei in cells within the monolayer required only MTs unless they were first stimulated with serum, which activated an additional requirement for actin. These different mechanisms for homeostatic nuclear positioning most likely reflect different activity states of the actin cytoskeleton, such as the retrograde flow of actin that is activated in wound-edge cells.
The existence of active homeostatic mechanisms for nuclear positioning has important implications for nuclear movement and function. It has been assumed that nuclear movement during developmental or cell polarization is initiated by the activation of the motility machinery that propels the nucleus. Our results suggest that homeostatic mechanisms may be modulated to allow for nuclear movement. For example, in monolayer cells in serum, where both actin and MTs maintain the nucleus in the cell center, it would be possible to initiate movement of the nucleus by decreasing nuclear connections to one of the two cytoskeletal elements. According to this idea, the homeostatic mechanism we have described would keep the nucleus in a state of readiness for movement.
The existence of active mechanisms for homeostatic nuclear positioning also implies that the nucleus is under constant force by the cytoskeleton. This conclusion is consistent with the findings of other recent studies. For example, a nesprin-2-based actin tension sensor revealed that static nuclei of mouse and human fibroblasts are under constant actomyosin force [45] , and local displacement of nuclei by microneedles showed cytoskeletal-dependent restoring forces [31, 32] . Also, in both the differentiation of mouse embryonic stem cells and early Drosophila development, nuclei are reported to be prestressed as their shape is altered by disrupting cytoskeletal elements [46] . Given these findings, and our results that active homeostatic positioning occurs in varied cellular contexts, we suggest that a constantly stressed nucleus may be a general feature of eukaryotic cells. The stressed state of the nucleus may impact functions beyond nuclear positioning, for example, by activating mechanotransduction pathways inside the nucleus [47] or by altering gene expression [48] .
Our study also reveals previously unexpected aspects of LINC complex function, particularly for nesprin-2G's interaction with the cytoskeleton and SUN proteins. Nesprin-2G is one of two giant nesprin isoforms in vertebrates (nesprin-1G is the other), and both were initially thought to specifically mediate connections to the actin cytoskeleton through their paired CH domains in their N terminus. These proteins do indeed use their CH domains to link the nucleus to the actin [10, 11, 49] and, at least for nesprin-2G, additionally connect to actin cables through the formin FHOD1 and the actin-bundling protein fascin [17, 18] . However, both nesprin-1 and nesprin-2 contain LEWD motifs in their C terminus, and nesprin-2 has been shown to bind kinesin-1 through this motif to space nuclei in myotubes [16] . We now identify a site in the C terminus of nesprin-2 that interacts with dynactin and dynein and is important for homeostatic positioning of nuclei in several cellular contexts. The fact that nesprin-2G can interact with both actin and MTs through kinesin and dynein motors to exert force on the nucleus suggests it should be considered a general nuclear scaffold for interacting with the cytoskeleton. Indeed, our data show that a single nesprin-2G construct can rescue both actin-and MT-dependent recentering activities. Perhaps this explains in part the large size of nesprin-2G. Although we cannot be certain in our case that a single nesprin-2G is engaged simultaneously by both cytoskeletal elements, it will be interesting to understand how these cytoskeletal activities are regulated. The cytoskeletal scaffolding function of nesprin-2G, its large size, and SRs comprising the bulk of its secondary structure bear striking resemblance to another class of proteins, the spectraplakins, which also act as cytoskeletal linkers in the cytoplasm [50] .
Our results also show a striking specificity of cytoskeletal function for the two SUN proteins. SUN1 was required for MT-based recentering of the nucleus, whereas SUN2 was required for actin-based recentering. This conclusion is supported by the results from the individual knockdowns of the SUN proteins and from their trans-dominant effects when overexpressed, which show that SUN1 and SUN2 are in competition for nesprin-2G. Although initial knockout studies in mice suggested SUN1 and SUN2 act redundantly during development [13, 15, 51] , recent studies in mice support separate functions for SUN proteins [25, 52, 53] .
That SUNs seem to differentially engage the cytoskeleton raises the interesting question of how the SUNs ''know'' with which cytoskeletal element nesprin-2G is engaged. It is unlikely that the nesprin-2G KASH domain interacts differentially with the SUN1 and SUN2 domains, as studies show that the affinities are the same [54] . Perhaps the forces exerted through nesprin-2G by actin and MTs somehow select for one SUN protein over the other. Indeed, our results showing that the trans-dominant effect of overexpressed SUN proteins is lost upon disruption of cytoskeletal elements support this view. Other factors that may contribute to this are the different oligomeric structures for the SUN proteins, known to be a trimer for SUN2 [55, 56] and suspected to be a dimer or tetramer for SUN1 [57] . SUN1 and SUN2 are also differentially anchored to the lamina, with some evidence that SUN1 is more tightly associated [4, 54] .
The method of centrifugal displacement of the nucleus we have developed should be broadly useful to address additional questions about the forces and connections of the cytoskeleton to the nucleus. For example, it should now be possible to address whether homeostatic nuclear positioning mechanisms are altered during developmental or physiological events, such as when stem cells are differentiated into mature cells or when cells receive a physiological stimulus such as a chemotactic factor. It may be possible to adapt the method to relate how much centrifugal force is necessary to displace the nucleus to address questions about the strength of the underlying nuclear-cytoskeletal connections. For example, we found that in KASH-expressing cells, centrifugal displacement of nuclei is increased. This suggests it will be useful to use centrifugation to examine whether homeostatic nuclear positioning is altered by diseasecausing variants of the LINC complex or nuclear lamins.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
METHOD DETAILS Constructs
All labeled GFP-tagged constructs used in this paper are EGFP-tagged proteins. Constructs of pSUPER.retro.puro nesprin-2 and pMSCV-puro GFP-mini-N2G were described previously [12, 65] . Constructs of myc-hSUN1 and myc-hSUN2 from previous study are cloned into pMSCV-puro plasmid to make pMSCV-puro myc-hSUN1 and pMSCV-puro myc-hSUN2. pMSCV-puro GFP-C4 Lifeact was prepared by introducing the Lifeact sequence (MGVADLIKKFESISKEE) to the C terminus of GFP with BglII and BamHI restriction sites. The mouse miniN2G sequence was PCR amplified from GFP-mini-N2G described previously [11] and sub-cloned into the pMSCV vector (Clontech Laboratories) at the NotI site. For the chimeric GFP-tagged nesprin-2 constructs used in the rescue experiments, portions of the N terminus and C terminus of mouse nesprin-2G were amplified by PCR (for primers, see Table S1 ), ligated and then the joined fragment was amplified by PCR. The joined fragment was digested by NotI and inserted into pMSCVpuro EGFP-C4 vector. For constructs containing the region between SR53 and 54, we used the sequence obtained from nesprin-2G in NIH 3T3 fibroblasts and embryonic mouse forebrain, which is different from that in NCBI (2014), as previously reported [17] . For the GST-tagged N2G constructs, NIH 3T3 cDNA or existing N2G constructs were used as templates. Primers for all the C-terminal GFP-nesprin-2 rescue constructs together with the GST-nesprin-2 pull down constructs are listed in Table S2 . The LEWD motif in mouse nesprin-2G SR52-56 was mutated to LEAA by site-directed mutagenesis using QuikChange Lightning (Agilent Technologies) as previously described [64] . Constructs containing shFHOD1-1 (5 0 -aggagccgaagatcactagaag-3 0 ) and shFHOD1-2 (5 0 -gctgtgccaaggtggactttga-3 0 ) were prepared using previously validated shRNA sequences [59] and cloning into the pSUPER.retro. puro vector (Oligoengine). Construct containing shSUN1 (5 0 -aggctattgattcgcacatta-3 0 ) was cloned into pSUPER.retro.puro. All constructs were verified by sequencing.
Cell Centrifugation
Initial centrifugation experiments were conducted with custom centrifuge adaptors (10 mm diameter) that were the generous gifts of Vladimir Rodionov (U Connecticut). Based on their design, custom polysulfone adaptors (22 mm in diameter) were prepared allowing coverslips up to 22 mm 2 to be used. Adaptors containing coverslips were assembled into ultraclear centrifuge tubes (Beckman
